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The metabolic effects of GLP-1
Glucagon-like peptide-1 (GLP-1) is a small peptide hormone that is continuously secreted from enteroendocrine cells at a low level in the fasting or interprandial state. In response to nutrient ingestion, GLP-1 secretion is enhanced and circulating levels rise several-fold (1). The classical actions of GLP-1 include the ability to enhance glucose-stimulated insulin secretion; however, the known actions of GLP-1 were rapidly expanded to include the ability to inhibit gastric emptying and glucagon secretion. These combined actions fostered the development of multiple short-and long-acting GLP-1 receptor (GLP-1R) agonists for the treatment of type 2 diabetes. GLP-1R agonists also induce weight loss in patients with diabetes or obesity, further highlighting the potential for GLP-1R agonists to correct metabolic defects that arise in subjects with diabetes or obesity.
The physiological importance of endogenous GLP-1 in feeding behavior and energy homeostasis is illustrated by rodent studies showing that direct administration of the GLP-1R antagonist exendin(9-39) into the brain increases food intake in satiated rats (2). Conversely, knockdown of the proglucagon gene, which encodes GLP-1, in the nucleus of the solitary tract (NTS) promotes hyperphagia and weight gain in rats (3). Importantly, chronic peripheral antagonism of the GLP-1R for one week produced additional food intake and weight gain in high-fat diet-fed obese mice (4). In contrast, peripheral antagonism of the GLP-1R by intravenous infusion of exendin(9-39) for several hours did not significantly modulate food intake in human studies (5, 6). These discrepancies may reflect species-specific differences that include the relative accessibility and importance of GLP-1R circuits in the CNS compared with those in the peripheral nervous system for controlling appetite, or these discrepancies may be due to other limitations, including the dose, potency, pharmacokinetics, and selectivity of the antagonist used and the short-term observation period.
Complex GLP-1-dependent pathways and effects
Attribution of the precise mechanisms that link GLP-1R signaling to body weight regulation in different species is challenging due to the complexity of pathways that regulate food intake and energy expenditure. The experiments associated with the original observations that GLP-1 inhibits food intake and produces satiety in rats used intracerebroventricular injections for delivery of GLP-1, a common paradigm for assessment of anorectic peptides (7) . Subsequent studies demonstrated that centrally administered GLP-1 also induces an aversive response and activates sympathetic nervous system pathways, potentially indirectly controlling brown adipose tissue thermogenesis (8). The finding that GLP-1R agonists potently inhibited gastric emptying, which may also contribute to induction of satiety, further complicated interpretation of the GLP-1-dependant mechanisms leading to weight loss. Although nausea and vomiting, which may reflect an aversive response or reduced gastric emptying, are common side effects associated with GLP-1R agonist therapy, these complaints are transient, and many subjects experience weight loss without ever reporting these symptoms. Furthermore, GLP-1R-dependent inhibition of gastric emptying is subject to rapid tachyphylaxis (9, 10), and long-acting GLP-1R agonists or continuous administration of native GLP-1 produce weight loss independent of changes in gastric emptying (9).
The relative contributions of signals from regions within the peripheral nervous system or CNS that transduce the anorectic effects of GLP-1R agonists are not known precisely; however, candidates include the In a complementary study, Secher et al. (13) applied multiple techniques, including region-specific injections of GLP-1R antagonists, lesioning specific nerves and vagus nerve, nodose ganglia, hypothalamic nuclei, and the brain stem. Brain-derived GLP-1 is synthesized in a subset of neurons in the NTS that project to GLP-1R-expressing regions in the hindbrain and hypothalamus, including the paraventricular nucleus (PVN), dorsal medial nucleus of the hypothalamus, and arcuate nucleus (ARC), as well as the NTS itself. A small amount of GLP-1 may also be synthesized within the hypothalamus itself (11), and gut-derived GLP-1 may communicate with the brain by accessing GLP-1Rs within fibers innervating the portal vein or the nodose ganglion of the abdominal vagus nerve. Hence, the relative functional importance of GLP-1Rs in these different sites for the transduction of signals that reduce food intake or body weight is unclear.
Homing in on the CNS
Two new studies advance our understanding of these concepts, using complementary techniques and approaches. To deter- neither of these agents were as effective as liraglutide in generating weight loss in head-to-head studies that evaluated maximal doses of drugs approved for the treatment of diabetes (16, 17) . Whether the greater effectiveness of liraglutide for achieving weight loss reflects enhanced uptake into the CNS, subtle differences in transport or activity of small peptide versus high-molecular-weight GLP-1R agonists at the relevant CNS GLP-1Rs, or simply an incompletely explored dose-response relationship remains unclear. Furthermore, efforts directed at generating combinatorial GLP-1R agonists -with one or two additional peptide agonists to achieve greater weight loss (18) -in a single molecule may need to consider the effect of molecular structure on the GLP-1R-dependent uptake and activity of the hybrid agonists in the CNS. Although the effects of GLP-1R agonists on complex human behaviors linked to reduction in food intake are likely more complex and involve multiple brain regions important for food selection, reward, and appetite (19, 20) , the rodent studies described by 13), and others likely reflect differences in experimental paradigms, including the specific GLP-1R agonist used (short acting versus long acting, small molecule versus large molecule, etc.), the route of administration (i.p., s.c., or i.v.), dose, species studied, acute versus chronic analysis, and intrinsic shortcomings in the specific model systems used, such as lack of complete tissue specificity with Cre drivers, incomplete knockdowns, and potential developmental compensation when using constitutively active versus tamoxifen-inducible Cre systems.
Conclusions and future directions
What are the clinical implications of these findings? First, although some rodent and human studies have implicated a role for
